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Abstract-Maintenance is a time mnsuming and expensive 
task for any golf murse or driving range manager. Far a golf 
course lhe primary tasks are grass mowing and maintenance 
(fertilizer and herbicide spreading), while for a driving range 
mowing, maintenance and hall collection are required. AU 
these tasks require an operator to drive a vehicle along paths 
which are generallr predefined. This paper presents some 
preliminary in-field tsting results for an automated tractor 
vehicle performing golf hall collection on an actual driving 
range, and mowing on difficult unstructured terrain. 
I. INTRODUCTION 
Maintenance of commercial golf courses and driving 
ranges requires considerable expense to ensure first class 
facilities. Typical tasks that managers must perform are 
grass mowing, fertilizer and herbicide spreading and golf 
ball collection. These operations are not only time con- 
suming, but can also be hazardous to the operators and the 
general public. Additionally, they generally occur during 
daylight hours, limiting and interrupting the time golfers 
have on the course. 
There is therefore a need for an automated system 
that could perform these tasks, providing that it can be 
cost-effective, able to avoid obstacles (down to the sire 
of a golf ball), perform mowing tasks with precision of 
approximately 5cm, and can safely operate around the 
general public. The benefits of such a system are reduced 
labour cost, and allowing after-hours maintenance leading 
to  increased green fees. 
A number of systems have been developed for broad- 
acre harvesting such as the BEELINE system which uses 
GPS guidance to harvest crops. Also, CMU have been 
investigating the automation of a lawn tractor for golf 
course mowing with various levels of success 111. Addi- 
tionally, there are a myriad of household mowing robots 
which are capable of mowing small areas of domestic lawn. 
Despite the existence of these platforms, there is today no 
commercial package to control a vehicle on a golf course. 
The main limitation with current platforms are the infras- 
tructure they require to operate successfully, for example 
GPS and buried wires. The key aspects to performing the 
golf course maintenance tasks are vehicle control, path 
planning and path following. 
The CSIRO Robotics and Automation Team has for 
some tine been investigating position and pose stabiliza- 
tion on a tractor type vehicle suitable for golf course 
maintenance (241. The vehicle control implemented in 
this previous research has proven reliable and stable with 
the vehicle capable of following steering and velocity 
demands. The next stage of development is to adopt a path 
following strategy. The path planning and in particular the 
following technique adopted in this research is termed pure 
pursuit. This is a popular technique which has been around 
for some time [51, [6] .  
Our primary objective is to perform these tasks with 
a system that can use lower cost sensors, and perform 
localisation in dynamic environments. This research is a 
preliminary investigation into the application of current 
technologies to a real-life task such as golf course mainte- 
nance. 
A. Paper outline 
The remainder of this paper is structured as follows. 
The following section gives a brief overview of the system 
architecture of the autonomous tractor. Section Ill then 
describes the pure pursuit path following strategy, with 
Section N presenting a simulation model of the tractor and 
path following strategy with performance results. Section V 
mscusses the path generation techniques for mowing and 
golf ball collection with experimental results illustrating 
the tracking performance of the system. Finally, Section VI 
draws some conclusions. 
11. THE PLATFORM 
A. The Vehicle 
The base research vehicle is a commercial 16hp lawn 
tractor used for small acreage mowing made by TORO as 
shown in Figure 1. The vehicle has been retrofitted with a 
suite of sensors and computing hardware as well as a set 
of hidden actllators which control steering, forward and 
reverse velocity, throttle and the brakes. This configuration 
of actuators and hardware allow the vehicle to be operated 
in any of the following modes: 
Manual - vehicle driven by an operator with no 
actuator control. - Reniore - vehicle actuators engaged with operation 
from a remote control handset. - Auronomoirs - vehicle actuators engaged and operated 
autonomously by computer. 
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Fig. 1 .  The aulonomous tractor vehicle. 
The philosophy behind the design of the sensor and 
hardware system was that it had to be ”bolt-on”, that is 
it can be fitted to any vehicle with minimal change to its 
original configuration. This greatly increases the flexibility 
of the system and vehicle. Further details of the system are 
available in [71. Figure 1 shows the tractor in its driving 
range configuration with a towing hitch to pull the golf ball 
collection gang. This vehicle is also fitted with mowing 
blades in its autonomous mowing configuration. 
E. Sensors 
Most previous research using this vehicle has been 
focused on the vision-based position and pose stabilization 
tasks for visual homing 131, [7]. The vehicle is fined with 
a laser scanner, omnidirectional camera, orientation sensor 
(compass) and RTK GPS. Due to the preliminary nature 
of this investigation, the primary sensors used for the golf 
ball collection and mowing are the magnetometer and GPS. 
The other sensors are redundant in this instance, however, 
the vision infomation from the omnidirectional camera is 
currently being fused to the GPS and magnetometer data 
streams to allow greater flexibility in localisation where 
GPS drop-out is prevalent. Also the omnidirectional camera 
images are being used to assist in operational decision 
making, such as returning to home if ball collection baskets 
are full. 
The GPS unit is a Leica RTK GPS which in previous 
research was used only to obtain the ground truth of 
the vision-based control. However, due to its stated (and 
observed) 2cm accuracy at an output rate of IOHz in high- 
precision mode, this provider data of the required accuracy 
for golf-coarse mowing. 
The vehicle heading is obtained from the CROSSBOW 
high-speed orientation sensor. In this analysis, it is assumed 
that the vehicle is operating on a flat surface and that the 
vehicle’s magnetic heading can be determined from the 2: 
and y components of the measured magnetic field vector 
without correction. 
C. Cornpuring Platform 
A PC/104 stack containing a Crusoe 800 CPU running 
the Linux operating system provides the software interface 
to record and process all sensor information in real-time. 
The final integration of all hardware used for this in- 
vestigation is packaged as two stacks, one containing the 
CPU, memory and image processing hardware and the other 
containing the HC12 actuator controllers and safety cards. 
The entire computing and processing hardware is placed in 
the lower compltment of the black box mounted on the 
rear of the vehicle as shown in Figure 1. 
111. PUKE PURSUIT CONTROL STRATEGY 
The low-level vehicle control has been implemented 
in previous research and is a reliable and stable system 
with the vehicle capable of following steering and velocity 
demands. The path planning and in particular the following 
technique adopted in this research is termed pure pursuit. 
Pure pursuit is somewhat analogous to steering a mule 
by moving a carrot held out in front. In the robotic case 
the “carrot” is the point (x.’ y’) which moves along the 
trajectory at constant speed and the tractor follows at a 
fixed distance. Figure 2 illustrates this concept. This is a 
popular technique which originated at CMU in the 1980s 
[5] and was used on projects such as NAVLAB 161. The 
stability analysis of pure pursuit tracking control with pure 
delays was investigated by Ollero and Heredia [E]. Their 
analysis shows that satisfactory stability margins can be 
achieved with pure pursuit and was applied to in-field 
testing of a HMMWV vehicle. In our work we assume 
that the vehicle operates on a flat level surface. 
N 
Fig. 2. Furc pursuil natation. 
The reference point on the tractor is the centre of the 
rear axle as defined by (z; y) (given by the GPS in this 
instance) from which we can compute at each time instant 
e = d(x* ~ x)* + (y* - y)’ (1) 
the distance and true bearing angle to the pursuit look- 
ahead point (carrot). 0 is the bearing angle between mag- 
netic North and the vehicle’s centreline axis, and $ is the 
bearing from the vehicle centreline to the pursuit point, all 
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measured from the center of the rear axle. It is required 
to maintain the pursuit distance at the desired value, e*, 
which is achieved by the velocity control strategy 
U* = Pu(e* - e )  (3) 
where U* is the velocity demand sent to the tractor, and P, 
is a gain selected based on vehicle performance determined 
via simulation and experiment. 
To achieve the desired heading angle we set the steering 
angle by 
(4) 
where the U* term in the denominator accounts for the fact 
that the effective gain of the steering loop is proportional 
to velocity, and again the proportional steering gain P, is 
determined via simulation and experiment. 
IV. SIMULATION MOI)I!I.I.ING 
A detailed dynamic and kinematic model of the vehicle 
has been developed in previous investigations [7], and was 
the core of a simulation of the pure pursuit strategy. The 
Simulink block diagram is shown in Figure 3. 
Fig. 3. 
The lower left blocks generate the path from a lookup 
table indexed by position along path. The velocity and 
steering control blocks are at the lower right of Figure 3. 
A. Vehicle Model 
The actual vehicle model is given by the two blocks 
shown in the top left of Figure 3, the tractor kinematic 
model and the tractor dynamic model. 
The tractor kinematic model consists of the equations 
describing the steering and velocity relationships given by 
Simulink model of thc vactor and TUC p ~ ~ i t  algorithm. 
where x and y are the Cartesian vehicle velocity compo- 
nents, v is the forward velocity, 0 is the bearing angle, y 
is the steering angle, and L is the vehicle wheelbase. 
However, due to the behaviour of the steering and 
velocity actuator dynamics, it was found necessary to 
include this in the model to accurately represent the true 
vehicle dynamic response. The dynamics of the steering 
and velocity loops were experimentally identified in [7] 
with the steering dynamics represented by the 2"d order 
transfer function 
(8) 
r(s)= 0.5184 
y'(s) sz + 0.5616s + 0.5184 
and the velocity transfer function 
v ( 4  ~ 1 
u*(s)  1.33s + 1 
On the actual vehicle, these control loops are decen- 
tralised from the path following conlroller described here 
with only demanded steering angle and velocity sent to 
the independent steering and velocity controllers which 
maintain these states. 
B. Simularion Res& 
The simulation model was used to adjust the control 
gains prior to experimentation on the real vehicle. Simu- 
lation results for the tracking performance on a CSIRO 
shaped path using pure pursuit are shown in Figure 4. 
The starting location is at (0,25) and the tractor moves 
to join the path part way along the letter 'C ' .  Tracking 
performance is generally excellent, the small error at the 
end of the letter ' R  is due to limits on vehicle steering 
angle (limited physically and in simulation to f30"). 
25 
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Stmulared perlormance of tractor mowing CSIRO using pun 
i = U c o s e  ( 5 )  C. Heading direction 
y = vs in0  
U tan y g = -  
L 
(6) 
(7) 
Magnetic declination, sometimes called magnetic varia- 
tion, is the angle between magnetic north and true north. 
Declination is considered positive when the an, ole measured 
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is east of true north and negative when west. The notation 
is shown in Figure 5 where D is the magnetic declination, 
M is the magnetic heading direction of the vehicle and T 
is the true heading direction of the vehicle. From this it is 
clear that 
T = M + D  (10) 
...... I -E 
Fig. S. True and magnetic hcading no~alian 
In Brisbane, Australia, this magnetic declination is ap- 
proximately 12.5' Fast at the time of writing this paper. 
The effect of not adjusting the measured magnetic heading 
reading to correlate to the true north reading given by the 
GPS was investigated using the simulation model described 
above. By assuming the magnetic declination to be zero 
the tracking performance for the CSIRO-shaped path is 
shown in Figure 6.  The offset is dependent on the direction 
of curvature relative to vehicle direction. A calibration 
routine has been developed which estimates the declination 
using magnetometer and high-precision GPS measurements 
obtained along a short straight-line path. However, this 
calibration can be corrupted by the proximity of large 
ferrous objects such as buildings. 
V. RESULTS 
A. Path Planning 
Two path planning strategies were devised and tested, 
for the two different golf course applications. Both require 
an initial path to he manually generated or loaded before 
motion can commence. 
I )  Golf ball collection: Typically the operator records 
a desired path as the vehicle is operated in either manual 
or remore mode. This allows an ideal path to be taken to 
avoid fixed obstacles. Once finisbed, the path is saved and 
simply replayed in auronlaric mode using the pure pursuit 
strategy. 
However, on the driving range, the path following pro- 
cedure is complicated by the necessity to empty the col- 
lection baskets once they are full. Therefore, the following 
procedure is used: 
1) Leave holding area. 
. . . . . . . . . . . . . . . . . . . . . . . . . .  
Fig. 6. Simulation of mcliing pcS00rmance with conslmr heading offset 
from true north. 
2) Collect halls whilst following predesignated path. 
3) If collection baskets are identified as full, note cur- 
rent position and return to holding area to unload, 
else go to 4. 
4) If just unloaded baskets, return to last position on 
path, else go to 5. 
5 )  Repeat steps 2 to 4 until end of path reached. 
6 )  Return to holding area and unload baskets. 
2 )  Mowing: The mowing path is produced from a 
recorded path defining thc outer boundary of the area 
to he mowed. However, the coverage path is generated 
automatically once this boundary is defined. Once a closed 
circuit path defining tbe outer boundary is recorded, the 
operator simply specifies the number of inward spirals that 
are to be tracked and produce coverage. These spirals are 
generated using the notation shown in Figure 7. 
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Fig. 7. Mnv path point generation from recorded ouler hounery. 
To direct consecutive spirals inward, the centroid of the 
closed path or a hint, such as spiral to the right of the 
direction vector, can be used. The centre point (x1/27y1i2) 
between two consecutive points is determined and this 
point projected a &stance dcut given by 
where cW is the mower cutting width and 1 is the percent- 
age of overlap between consecutive passes. 
The location of the next, indexed spiral, point (xn:yn) 
is given by determining the line between two consecutive 
points PI and Pz such that 
YI,Z = m1,2x + c 1 , ~  (12) 
where m1.2 is the gradient of the line, and projecting a 
perpendicular line from the centre point a distance dCut 
such that the coordinates of the new point are given by 
where the solution that points in towards the closed path 
is chosen as the correct path. 
This process is repeated until the required number of 
spirals are produced. The performance of this path gener- 
ation technique is shown in Figure 8 with (a) illustrating 
the manually recorded path, and (b) the path automatically 
generated for three inward spirals. 
This technique works well for simple geometry coverage 
problems considered here. It also allows for other forms 
of outer boundary information to be transformed into a 
coverage mow path such as survey maps. Limitations of 
this coverage routine are that as the,vehicle spirals closer 
towards the centre of the area, the turning circle becomes 
less than that achievable by the vehicle. 
B. Trackins Performance 
Ball collection was conducted at the Oxley Golf Driving 
Range in Brisbane. This is a modest sized range with 10 
tee points and is approximately 400m wide by 250m long. 
At the end of the day, the range can easily be littered 
with thousands of golf balls which require collection. This 
normally takes an operator approximately three hours to 
collect the balls. 
The tractor vehicle was taken to the driving range and 
fined with a ball collection gang as shown in Figure 9. 
The vehicle was then driven manually over a set path 
typically taken for ball collection around certain obstacles 
allowing for gang clearances with the path recorded and 
stored by the software. This path was then played back 
through the tractor using the pure pursuit strategy with the 
results shown in Figure IO. The commanded \,chicle speed 
is 0 .84s  in all experiments. 
The results of Figure 10 show the excellent vacking 
performance of the vehicle except at the top right comer 
where the vehicle undergoes a tight turn. This behaviour is 
anticipated due to the pure pursuit look-ahead point being 
just forward of the front axle, and the GPS antenna located 
almost over the rear axle. This tracking manoeuvre was 
(a) Outer boundary p l h .  
(hj Mowinp path wilh three spirals 
pip. 8. 
recorded oulcr houndan. 
~ n a m p k  or automatic m o w  pah  penenition rrom manually 
repeated a number of times with excellent repeatability 
observed. 
Mowing was performed at CSIROs QCAT facilities 
where the testing was performed in extremely long grass 
on an incline of approximately 10'. Figure I I  shows the 
tractor performing mowing in autonomous mode. 
The mowing path was generated by recording the outer 
boundary to be mowed, and the technique described above 
used to generate three inward spirals. Figure 12 shows the 
tracking resnlts for the during mowing on the incline. 
The results show that the vehicle perform well, how- 
ever, generally tracks outside the desired path. This is 
believed due to a number of factors; Firstly, no correction 
is made for inclination in the heading estimation, also the 
decentralised steering loop may not be able to maintain the 
desired steering angle, and finally, the steering gain may 
need increasing from the flat earth scenario. Improvement 
of these inclined tracking results are an active area of 
research. 
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Fig. 9. The i i a ~ t o ~  ball collection €an€ in autonomous mode. 
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Fig. IO. Tracking Performance of two repeated hall colleclion runs. 
VI. CONCLUSION 
Preliminary in-field testing results have been presented 
for an autonomous tractor vehicle performing automated 
golf ball collection and mowing. The control strategy is 
based on pure-pursuit using magnetometer and GPS sensor 
information to track either a pre-learnt or uploaded tra- 
jectory. Simulation and experimental results show that the 
control and sensing system accurately guides the vehicle to 
reliably and efficiently pelform the tasks. The performance 
of the system indicates that the vehicle in its current 
configuration could perform scheduled mowing and grass 
maintenance tasks. 
New research is k i n g  conducted to advance the control 
strategy by incorporating more relative sensor streams such 
as from an omni-directional camera to generate online 
trajectories and optimise paths whilst performing pose 
stabilisation and obstacle avoidance. Another active area 
of research is focusing on autonomous visual and laser- 
based grass mowing tasks. 
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